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Abstract
Recent research has described a component of human electrical brain activity (the ERN or NE) that
is associated with error-processing. In the present experiment, we used magneto-encephalographic
recordings to provide converging evidence both for the existence of this component and for its putative
source in the brain. Six human subjects performed a Go–NoGo task while both magnetoencephalo-
graphic and electroencephalographic brain activity were recorded. We found evidence for a magnetic
equivalent of the ERN and dipole source analysis suggested that this activity was generated in the
anterior cingulate cortex. These data converge with those from electrical recordings in implicating
this brain structure in error-processing.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction
Frontal parts of the brain set high-level goals and organize complex behaviors needed to
achieve those goals (Stuss and Knight, 2002). This function depends on an ability to detect
and correct actions that are inconsistent with desired behaviors (Schall et al., 2002). Insight
into the neural mechanism that implements this ability has been provided by the error-related
negativity (ERN or NE), a negative deflection in the event-related brain potential (ERP; for a
review of ERPs, see Coles and Rugg, 1995). The ERN peaks shortly after incorrect responses
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in speeded response time tasks (Falkenstein et al., 1990; Gehring et al., 1993), and after
the presentation of error feedback stimuli in reinforcement learning tasks (Badgaiyan and
Posner, 1998; Holroyd and Coles, 2002; Miltner et al., 1997). Investigations over the last
decade have suggested that the ERN is produced by a system for error processing (for
reviews see Coles et al., 1998; Falkenstein et al., 2000; Gehring et al., 1995).
The ERN is distributed over frontal-central regions of the scalp, suggesting that the
component may be generated in the frontal midline, in the anterior cingulate cortex or in
the supplementary motor area (Gehring, 1992). Neurophysiological and neuroanatomical
considerations suggest that, if the ERN is in fact generated in the frontal midline, then
it is likely produced within the cingulate sulcus or the paracingulate sulcus (Coles et al.,
1998; Holroyd and Coles, 2002). These inferences are supported by the results of several
equivalent dipole source localization studies that found that anterior cingulate cortex is
a plausible source of the ERN (e.g. Badgaiyan and Posner, 1998; Dehaene et al., 1994;
Holroyd et al., 1998; Miltner et al., 1997). However, because source localizations problems
have multiple solutions (the ‘inverse problem’; Scherg and Picton, 1991), such results are
suggestive but not conclusive. On the other hand, neurophysiological studies in monkeys
(e.g. Gemba et al., 1986; Niki and Watanabe, 1979; Shima and Tanji, 1998) and functional
magnetic resonance imaging (fMRI) studies in humans (e.g. Carter et al., 1998; Holroyd
et al., 2003; Kiehl et al., 2000; Menon et al., 2001; Ullsperger and von Cramon, 2003) have
strongly implicated this area in error processing.
In the present study, we recorded the magnetoencephalogram (MEG) of participants
engaged in a speeded response task. Two questions were addressed: (a) can we detect a
magnetic equivalent of the ERN? and (b) what is the likely neural source of such an equiv-
alent magnetic field? The MEG and the electroencephalogram (EEG) are fundamentally
related through Maxwell’s equations, but they provide complementary information about
the distribution of generating sources. Moreover, source analyses based on MEG record-
ings are less susceptible to volume conduction problems than those based on electrical
recordings (Nunez, 1981). Converging results from MEG and EEG studies would increase
our confidence that anterior cingulate cortex produces the ERN, and would motivate future
studies utilizing this technique.
2. Methods
2.1. Subjects
Six student volunteers (four females and two males, ages 19–26) served as subjects and
were paid DM11.60 per hour for their participation. They had normal hearing and were
right-handed according to their score on the Edinburgh Handedness Test.
2.2. Data recording
The experiment consisted of two sessions. During the first session, a structural MRI of
each subject’s brain was obtained using a 1.5T Gyroscan (Philips AG, Hamburg, Germany).
Each MRI consisted of 256 sagittal slices of 1 mm thickness, spanning a matrix of 256× 256
voxels.
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During the second session, the magnetoencephalogram (MEG) and the electro-encep-
halogram (EEG) were recorded concurrently while the subjects performed an auditory
Go–NoGo task. MEG was measured with a 31-channel (squid) system (Philips AG, Ham-
burg, Germany). Between 2 and 6 dewar positions were used for each subject (giving a total
of 26 data-sets) including mid-frontal and mid-central, left and right fronto-temporal, left
and right temporal. For each dewar position, a complete replication of the experimental task
(see below) was performed. For one subject, a 19 electrode montage was used to provide
an estimate of the topographic distribution of the ERN. For the remaining five subjects,
EEG signals were obtained using two scalp electrodes, located at Fz and Cz, electrode
sites for which previous research has shown the ERN to be maximal. In all cases, active
electrodes were referenced to the left earlobe. Vertical EOG was recorded from electrodes
placed above and below the right eye. Trials with excessive eye-movement artifacts (above
50V) were not included in any subsequent analysis. EEG and MEG signals were amplified
using Synamps (sampling rate: 200 Hz; band pass 0.1–30 Hz), and were processed with
Neuroscan software.
To integrate the MEG and EEG data with the structural MRIs, the following procedures
were used. A vitamin E capsule was placed at Cz when the MRI image was obtained. To
measure the relative position of the dewars above the head, the magnetic fields associated
with the activation of six fixed coils placed at different locations on the scalp (referred to
Cz) were measured using the MEG recording system. Finally, the locations of EEG elec-
trodes and magnetic coils on the scalp were measured using a Polhemus Isotrak II-system
(Polhemus, USA).
2.3. Stimulus presentation
For the auditory Go–NoGo task, subjects listened to a random sequence of tones with
an inter-stimulus interval of 720 ms. The tones were either 2000 or 1000 Hz (50 ms, 75
db SPL) presented over airphones. High and low tones were equiprobable. Subjects were
instructed to respond by pressing an optical mouse button following the high tone, but not
to respond to the low tone. They were encouraged to respond as quickly as possible. Since
we were interested in neural responses to errors, errors were not discouraged and, when
subjects did not make many errors, they were encouraged to respond more quickly.
2.4. Procedure
Before recording began, two series of 25 practice trials were given. For the experiment
itself, subjects performed four blocks of 300 trials for every position of the dewar. There
was a break of 1 min after each block, and a rest period of several minutes was given while
the dewar was re-positioned.
3. Results
Mean reaction times for correct and incorrect responses were 270 and 160 ms, respec-
tively, t(5) = 10.77, P< 0.0001. Error rates were variable over subjects, ranging from 6.5
to 24.2% (mean = 16.5%).
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Epochs of EEG and MEG data were derived by selecting a 600 ms window that began 100
ms before each button press and extended for 500 ms thereafter. The average activity for the
100 ms pre-response period was taken as the baseline and subtracted from all data values.
The epochs were then sorted as a function of response accuracy. For each incorrect trial, a
correct trial with a similar reaction time was selected, and separate averages were obtained
for the incorrect and the selected correct trials. For each subject’s average incorrect and
correct waveform, the amplitude of the negative peak was derived by determining the most
negative value of the waveform in a window extending to 150 ms post-response. The peak
amplitude on incorrect trials was significantly more negative than that on correct trials (for
Fz, incorrect: −6.7 V; correct: −3.1 V; for Cz, incorrect: −6.0 V; correct: −1.5 V;
t(5) = 3.8 and 3.2, respectively). This finding confirms the presence of an ERN—that is, a
more negative peak on incorrect trials. Analysis of the scalp distribution of the potential in
the subject for whom we obtained a 19-channel EEG montage confirmed that the negative
peak had the distribution characteristic of the ERN (Falkenstein et al., 1990, 1995).
To isolate the error-related components of the ERP and evoked magnetic fields, a differ-
ence waveform was obtained by subtracting correct from incorrect averages. Fig. 1 shows
Fig. 1. Grand average difference waveforms (incorrect-correct) based on electrical activity recorded at the Fz and
Cz electrodes. Time-point ‘0’ indicates the time of the response. The error-related negativity (ERN) is the negative
deflection with a latency of about 80 ms post-response.
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the difference waveforms (averaged over subjects) for Fz and Cz electrodes. The waveforms
are characterized by a negative component that peaks at around 80 ms after response onset.
Having observed the classic ERN in this paradigm, we looked for an associated magnetic
equivalent. Since the orientation of the sensors (squids) varied between subjects due to
different dewar alignments, there is no clear procedure for aggregating data for a particular
sensor position across subjects. However, scrutiny of the MEG waveforms for each subject
and dewar position suggested the presence of error-related magnetic activity. Fig. 2 gives
an example of such magnetic activity along with the corresponding electrical activity for an
Fig. 2. A comparison between electrical (A) and magnetic activity (B) for one subject. In each case, difference
waveforms are shown (incorrect-correct). Time-point ‘0’ indicates the time of the response. For EEG, data from
Fz and Cz electrodes are shown. For MEG, data from two selected squids are shown.
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Fig. 3. The results of source localisations of the difference between magnetic activity on incorrect and correct trials
for each of the six subjects. Each row shows the position of the stable dipole derived from a two-moving-dipole
solution. The value of t indicates the time point for which the position of the dipole was most stable in a time-window
of 20–140 ms after response. Left column: sagittal view; center column: coronal view; right column: horizontal
view.
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individual subject. In each case, we show the difference between activity on incorrect and
correct trials. Note the error-related magnetic activity that corresponds to the ERN. For the
other five subjects, we also observed the same pattern of correspondence shown in Fig. 2
for at least some squids. We can conclude, therefore, that there is a magnetic equivalent of
the ERN (the mERN).
Based on this finding, we evaluated the source of the mERN, as defined in the difference
waveforms. For this source analysis, a realistic head model was applied and sources were de-
rived using a moving equivalent dipole procedure, as implemented in the CURRY software
(Philips AG, Hamburg, Germany). For the period extending from 20 to 140 ms after response
onset, the mean global field power was determined and dipole parameters were computed for
each 5 ms step. The latency of the maximum value of the global field power was identified and
compared to the latency of the maximum amplitude of the corresponding ERNs to confirm
that the global field power matched the ERN activity. The two latency measures were within
20 ms. We then applied a stability criterion to define an appropriate source of the mERN.
The seven parameters of the dipole had to remain stable (i.e. not change by more than 1 S.D.)
across three adjacent points (a period of 15 ms). When more than one set of three adjacent
points satisfied the stability criterion, we chose the set that had the lowest residual variance.
These procedures were applied to the 26 data-sets (dewar positions× subjects), with the
ultimate aim of identifying the best solution for one dewar position for each of the six
subjects. In eight cases, no solutions satisfied our criteria. In three additional cases, a single
dipole solution could be found, but the locations were not physiologically plausible (in the
ventricles or deep brain structures). In the remaining 15 cases, a two-dipole solution was
satisfactory. One dipole was always located in pre-central or pre-frontal structures, while
the location of the other dipole was unstable.
For three subjects, there was only one dewar position for which the data satisfied our
criteria. For the remaining three subjects, the data for between three and five dewar positions
were satisfactory. To identify one data-set for each subject, we chose the position associated
with the maximum global field power and minimum residual variance.
The solutions for the resulting six data-sets are shown in Fig. 3. As can be seen, in each
case, the stable dipole was located in anterior cingulate cortex or closely adjacent areas.
These are the same areas that have been identified as the source of the ERN in previous
research (e.g. Badgaiyan and Posner, 1998; Dehaene et al., 1994; Holroyd et al., 1998;
Miltner et al., 1997).
4. Discussion
Theories of anterior cingulate cortex have emphasized a role for this region in conflict
monitoring (Botvinick et al., 2001; Yeung et al., 2003), reinforcement learning (Holroyd
and Coles, 2002; Holroyd et al., 2003), emotion (Bush et al., 2000), cognitive control of
motor behavior (Paus, 2001; Picard and Strick, 1996), and cortical binding (Asada et al.,
1999; Luu and Tucker, 2001). Much of this research has depended on studies of the ERN,
and therefore on the position that the ERN is generated within anterior cingulate cortex.
However, continued uncertainty about the origin of the ERN has lessened the impact of
inferences made from this ERP component. Converging evidence provided by other ex-
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perimental techniques about the source of the ERN would lend credence to the theories of
anterior cingulate cortex that rely on it.
In the present study, we have demonstrated the existence of a magnetic equivalent of
the ERN (the ‘mERN’), and we have shown that this magnetic component appears to be
generated within anterior cingulate cortex. These results are consistent with the source
localization studies of the ERN (e.g. Badgaiyan and Posner, 1998; Dehaene et al., 1994;
Holroyd et al., 1998; Miltner et al., 1997), as well as with neurophysiological (e.g. Gemba
et al., 1986; Niki and Watanabe, 1979; Shima and Tanji, 1998) and fMRI (e.g. Carter et al.,
1998; Holroyd et al., 2003; Kiehl et al., 2000; Menon et al., 2001; Ullsperger and von
Cramon, 2003) studies that implicate an involvement of this region in error processing.
On the other hand, the results of this study were somewhat variable across subjects (with
solutions occurring in both hemispheres, for example). Although such variability is not sur-
prising, as single-subject source analyses of ERP components are also commonly variable,
this inconstancy suggests a confidence region of several cm within the frontal midline.
Nevertheless, by demonstrating both the existence of the mERN and the feasibility of lo-
calizing its source, this study should motivate future experiments utilizing this methodology.
The MEG and EEG provide complementary information about the spatial configuration of
electromagnetic sources (Nunez, 1981), so studies that combine both electric and magnetic
data may yield better behaved solutions than those obtained with either technique alone.
Furthermore, when combined with both the functional and anatomical constraints afforded
by magnetic resonance imaging, source analyses of the ERN and mERN together may
provide the optimal method for identifying their neural generator (Dale and Sereno, 1993;
George et al., 2001).
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